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ABSTRACT
An astounding feature of the DNA sequences termed CpG motifs is the induction of immune and inflammatory
responses in a senseless manner. CpG motifs exist abundantly in microbes and evoke innate immunity that
constitutes the first line of defense against microbial infections in vertebrates. CpG motifs that essentially work
in an antigen-nonspecific fashion, however, turn into novel immunomodulators that can manipulate acquired
immunity in an antigen-specific manner if oligodeoxynucleotides containing CpG motifs (CpG ODNs) are di-
rectly conjugated to the antigen. CpG ODNs with potent polyclonal Th1-inducing ability show promise for appli-
cation in immunotherapy whereby neutralization of dominant allergy-prone Th2 cells is achieved by inducing
allergen-specific Th1 cells. The underlying mechanisms include an unexpected enhancement of dendritic cell
function as a linker between innate and acquired immunity. In the foreseeable future the mainstream therapeu-
tic role of corticosteroids in anti-inflammatory therapy for allergic diseases could possibly be replaced by immu-
notherapy using CpG ODN-conjugated antigens．
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INTRODUCTION
In recent years the incidence of various allergic dis-
eases, including allergic rhinitis, bronchial asthma,
and atopic dermatitis, has been increasing through-
out the world. Although manifestations vary accord-
ing to disease, the fundamental pathophysiologic ab-
normalities underlying these diseases are now con-
sidered to be related to the overreaction of Th2 cells
to allergens. Novel immunotherapies to treat allergic
diseases by inhibiting the causal Th2 cells are there-
fore anticipated.
REGULATION OF IMMUNE RESPONSES BY
T CELLS
Apart from pathogenic microbes, the majority of aller-
gens are innocuous in nature. Allergens do not multi-
ply inside the body. They do not directly destroy tis-
sues. The immune system could ignore them with
impunity. For some unknown reasons, however, the
immune surveillance system evokes disadvantageous
responses to the allergens, resulting in the onset and
perpetuation of allergic diseases. Among a miriade of
cells involved in allergic inflammation, Th2 cells are
considered the prime lymphocyte subset that dictates
a series of allergic reactions.
The immune system appears to be tightly and
smartly regulated by various regulatory mechanisms.
Among others, T cells have been attracting much at-
tention especially with respect to antigen specificity
and major histocompatibility complex ( MHC ) -
restriction specificity at the induction and effector
phases. T cells with regulatory functions were for-
merly called suppressor T cells.1 After a lull in exten-
sive investigations on suppressor T cells there has
been a resurgence in research with accompanying
new terminology, whereby regulatory T cells have re-
placed the old term for suppressor T cells.2-5 Regula-
tory and suppressor T cells manifest their principle
activities by inhibiting other T cell subsets . Recent
advances have enabled us to identify the effector
regulatory molecules, such as TGF-β, IL-10 or CTLA-
4.2,3,6,7
Some effector T cells can also exert inhibitory func-
tions on other T cells. Typical examples are Th1 and
Th2 cells. Th1 and Th2 cells were defined on the ba-
Allergology International. 2005;54:17-23
REVIEW ARTICLE
1Department of Respiratory and Infectious Diseases , Graduate
School of Medicine, Tohoku University, Miyagi, Japan.
Correspondence: Kunio Sano, Department of Respiratory & Infec-
tious Diseases, Graduate School of Medicine, Tohoku University,
1−1 Seiryo-cho, Aoba-ku, Sendai-city, Miyagi 980−8574, Japan.
Email: sano@int1.med.tohoku.ac.jp
Received 14 January 2004.
2005 Japanese Society of Allergology
Allergology International Vol 54, No1, 2005 www.js-allergol.gr.jp 17
	
	


		

	
				

	



PuPuCGPyPy
(C, T)(G, A)
sis of the specific cytokines they secrete.8 A particu-
larly intriguing phenomenon is that Th1 and Th2
cells with the same antigen specificity mutually in-
hibit each other’s effector functions.9,10 These origi-
nal findings have contributed to furthering the under-
standing of the basic abnormalities in various dis-
eases and are leading the way toward the develop-
ment of future therapies . Allergic diseases are a
prime candidate for immunotherapy, due to the na-
ture of distal upstream antigen-specific Th 2 cells
which dictate most allergic manifestations．
CPG MOTIFS AND ACQUIRED IMMUNITY
The function of DNA had long been regarded as lim-
ited to the transmission of the genetic information.
This dogma was challenged by the astounding find-
ings of Tokunaga and his group.11 They reported that
DNA itself directly activates NK cells in a senseless
manner.12,13 These functions were localized specifi-
cally to particular sequences of DNA,14 now called
CpG motifs (Fig. 1).
CpG motifs are frequently found in bacteria , but
rarely in vertebrates. Vertebrates recognize CpG mo-
tifs as non-self. During the long evolutionary process,
vertebrates have somehow acquired the ability to ex-
ploit these differences for protection against patho-
genic infections. The presence of CpG motifs inside
the body is interpreted as an invasion by microorgan-
isms, and as a result defensive immune and inflam-
matory responses are evoked．
The recognition of microbes is often mediated by
receptors that have evolved to bind selectively to
structures expressed solely in microbes but not in
self-tissues.15 So far, 10 different kinds of receptors,
collectively called toll-like receptors (TLR), have been
discovered. One of the TLRs, TLR9, specifically rec-
ognizes CpG motifs,16-18 and the colocalization of CpG
motifs with TLR9 is the initial step that ultimately
leads to the activation of the acquired immune sys-
tem, namely T and B cells.19,20
One of the outstanding characteristics of the ac-
quired immune system is the antigen-specificity at
the induction and effector phases. The most efficient
immune responses are attained when they are
evoked in an antigen-specific manner, as is the case
with preventive vaccines against microbial infections.
However, the effects of CpG motifs on acquired im-
munity are polyclonal in nature since CpG motifs do
not possess inherent antigenic information . Treat-
ment with CpG motifs may only stir the sophisticated
immune regulation．
Since synthetic oligodeoxynucleotides containing
CpG motifs (CpG ODNs) mimic the activity of bacte-
rial DNA, CpG ODNs have been used to explore the
nature of CpG motifs. In the following discussion, we
shall mainly focus on experimental applications of
CpG ODNs for the treatment of bronchial asthma in
murine models.
CPG ODNS AS ANTIGEN-NONSPECIFIC IN-
HIBITORS OF ALLERGIC INFLAMMATION
Early attempts to reduce allergic airway inflammation
were made by administering CpG ODNs without an
accompanying antigen. Intraperitoneal or intranasal
administration of CpG ODNs was reported to inhibit
airway eosinophilia and improve airway hyperrespon-
siveness. These anti-allergic effects were concomitant
with decreases in IL-5 secretion from CD4+ spleen
cells or decreases in IL-4 levels in bronchoalveolar
lavage.21,22 Increased levels of Th1 cytokines, such as
IFN-γ and IL-12, were also noted.21,22
The mechanisms underlying these observations
have remained unknown. CpG ODNs induced the ex-
pression of costimulatory molecules23,24 and IL-1225,26
in dendritic cells (DCs), which are required for the
induction of Th1 cells. When these changes were in-
duced independently of the attendant antigen, CpG
ODNs would plausibly drive immune responses to
skew toward a Th1-dominant phenotype in an
antigen-nonspecific fashion, which would in turn in-
hibit allergen-specific Th2 cells in a bystander man-
ner. In another scenario, CpG ODN-induced Th1 cy-
tokines, including IFN-γ and IL-12, may inhibit Th2-
mediated inflammation without direct participation of
CpG ODN-induced Th1 cells．
Recently , CpG ODN treatment was found to in-
crease the levels of bronchoalveolar lavage TGF-β in
a murine asthma model.27 The authors suggested the
possible induction of regulatory T cells by CpG
ODNs, although no evidence for the production of
TGF-β from T cells was demonstrated．
Regardless of the mechanisms, manipulations by
CpG ODNs alone required larger doses of CpG
ODNs than that by CpG ODNs with concomitant anti-
gen to attain comparable therapeutic effects . Treat-
ment with high doses of CpG ODNs could eventually
highlight the intrinsic adverse effects of CpG motifs,
such as an increase in serum TNF-α levels or mortal-
ity.28-30 In light of the pathogenic roles of Th1 cells in
various types of autoimmunity,31 the effects of CpG
motifs on the activation of autoreactive Th1 cells and
autoimmunity are also unpredictable and controver-
sial.32-35
Another report showed that treatment with CpG
ODNs plus corticosteroids was synergistically more
effective than monotherapy with either agent alone.36
Since neither CpG ODNs nor corticosteroids manipu-
late the immune response in an antigen-specific man-
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Fig. 2　Comparison of the conjugate with the mixture of 
CpG ODNs and OVA. OVA-primed BALB/c mice were pre-
treated intratrachealy with graded doses of the conjugate 
(■) or a mixture (□) of CpG ODNs and OVA before OVA 
chalenge. The airway eosinophilias were expressed as a 
percentage relative to the control response. The covalent 
conjugate was calculated to be 100-fold more potent in the 
inhibition of airway eosinophilia than the mixture of CpG 
ODNs and OVA.
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ner, treatment with the CpG ODNs would represent
nothing more than an anti-inflammatory therapy, the
same effect as corticosteroids．
INHIBITION OF ALLERGIC INFLAMMATION
BY CPG ODNS IN AN ANTIGEN-SPECIFIC
MANNER
It is well known that Th1 and Th2 cells work in a mu-
tually inhibitory manner when both cells recognize
the same antige . 10 CpG motifs have diverse proin-
flammatory and immuno-potentiating actions, includ-
ing Th1 induction, although these actions are inde-
pendent of specific antigens．
In order to augment the potentiation of adjuvant
use of CpG motifs in the antigen-specific Th1 re-
sponses, CpG ODNs are often coadministered with
the antigen . Actually , this idea has demonstrated
positive results. Inhibition of airway allergic inflam-
mation was achieved with smaller doses of CpG
ODNs when administered together with antigen than
when given alone.37,38 The anti-inflammatory activity
was accompanied by the improvement of airway hy-
perresponsiveness and the inhibition of Th2 cytoki-
nes.37,38 The absence of IFN-γ nullified the CpG OD-
Ns’ effects , suggesting the possibility for Th1 cell
contribution in the inhibition of Th2 cells.37
Established airway eosinophilia was also improved
by treatment with CpG ODNs and antigen.39,40 In par-
allel, an improvement of airway hyperresponsiveness
and a decrease in Th2 cytokines in the bronchoalveo-
lar lavage was also observed. An interesting finding
was an increase in IL-10 production and decreases in
IL-5 and IFN-γ production from splenocytes treated
with antigen and CpG ODNs.40 These findings might
imply that CpG ODN immunotherapy induces regula-
tory T cells other than Th1 cells.
DIRECT CONJUGATION OF CPG ODNS TO
ANTIGEN
Since coadministration of antigen and CpG ODNs ex-
erted potent anti-allergic effects , direct linkage be-
tween antigens and CpG ODNs was introduced to as-
sure intimate contact between the two. As a result,
the conjugated form of CpG ODNs plus antigen was
100-fold more efficient in regulating airway eosino-
philia than the unconjugated mixture (Fig. 2). The in-
hibition of airway eosinophilia by the conjugate was
antigen-specific, and occurred in parallel with the un-
responsiveness of the antigen-specific Th2 cells in the
regional lymph nodes.41 Airway hyperresponsiveness
was also improved.41,42
In accord with these in vivo observations, the CpG
ODN-antigen conjugate was 100-fold more effective
than the unconjugated mixture for inducing in vitro
Th1 differentiation in an IL-12-dependent manner.41
Thus, the antigen-specific Th1 cells are induced effi-
ciently by the conjugate of CpG ODNs and antigen,
and in turn inhibited the Th2 cells dictating allergic
inflammation. The CpG motifs were essential as evi-
denced by a failure of a conjugate between antigen
and ODNs containing no CpG motifs to induce Th1
cells. Marshall et al. reported that human peripheral
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Fig. 4　Advantages of conjugates for Th1 induction. Conjugates between antigens and CpG ODNs first bind to 
DNA receptors expressed on the surfaces of APCs, and are then incorporated into endosomes by receptor-medi-
ated endocytosis (a). The amounts of antigens incorporated by APCs are greater when the antigens are captured 
by receptor-mediated endocytosis than compared to ordinary fluid phase endocytosis. The antigens are digested 
and transfered to the cel surface for the presentation to T cels. On the other hand, endocytosed CpG ODNs 
colocalize with TLR9 in the late endosomes (c), which trigger activation signals ultimately leading to the expres-
sion of costimulatory molecules and the IL-12 secretion. Thus, APCs that fulfil the three conditions shown in Fig-
ure 3 induce the diferentiation and activation of Th1 cels. ODNs lacking CpG motifs, which can bind to surface 
DNA receptors and are endocytosed, however, fail to transmit the activation signal due to the inability to colocal-
ize with TLR9 in the endosomes.
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Fig. 5　Absence of need for TLR9 in CpG ODN-mediated Ag uptake by Ia+ cels
APCs from TLR9-deficient (TLR9 KO) or wild type (WT) mice were incubated with 
R-phycoerythrin (PE) conjugated with CpG ODNs overnight, and examined for the 
expression for PE and CD86. The numbers in figures indicate the percentage of 
cels in each quadrant. CpG ODN-linked antigens were taken up by APCs regard-
less of the expression of TLR9, whereas TLR9 was essential for the activation of 
the APCs as demonstrated by the increased proportion of CD86+ APCs.
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blood mononuclear cells from patients with ragweed
allergy shifted from a Th2 to Th1 cytokine expression
pattern when cultured in the presence of the antigen-
linked CpG ODNs.43
Another beneficial aspect of the conjugate is the re-
duction of the allergenicity of antigens. Tighe et al.
reported that antigen conjugated with CpG ODNs
had a diminished ability to react with antigen-specific
IgE as evidenced by reduced histamine release from
human basophils.44 Horner et al. demonstrated that
increases in the ODN conjugation to antigen ratio re-
sulted in parallel increases in immunogenicity and de-
creases in allergenicity . 45 These findings , together
with a previous report that CpG ODNs directly inhib-
ited IgE synthesis from B cells through the induction
of T-bet,46 highlight the effectivity of CpG ODNs in
IgE regulation and offer a possible clinical application
for safer immunotherapy.
An extended period of efficacy is another advanta-
geous aspect of conjugates . Horner et al. reported
that the conjugate-induced Th1-biased immune re-
sponses were maintained for at least 1 year , 47
whereas allergen-independent immunomodulation by
CpG ODNs alone was shown to persist for a much
shorter period of time.48 Differences in the durability
might simply reflect differences in the underlying
mechanisms involved ; conjugates and CpG ODNs
work on acquired and innate immunity, respectively.
In addition to applications for allergies, CpG ODN-
conjugated antigen was also shown to be beneficial in
the treatment of malignant tumors. Melanoma cells
were eradicated by the activation of CD8+ CTLs in-
duced by the administration of CpG ODN-conjugated
tumor antigen.49
MECHANISMS FORCONJUGATE-MEDIATED
TH1 INDUCTION
The mechanism for the enhancement of Antigen-
specific Th1 responses by the conjugate is of signifi-
cant interest. Based on the fact that the conjugated
forms of antigen and CpG ODNs are in close proxim-
ity to each other, initially it seemed conceivable that
simultaneous engulfment of both antigen and CpG
ODNs was the main reason for the enhanced induc-
tion of antigen-specific Th1 cells.41,49
This notion appeared sensible in light of a consid-
eration of the requisites for Th1 induction. Three con-
ditions need to be fulfilled for the efficient induction
of antigen-specific Th1 cells (Fig. 3);  presentation
of antigenic peptides in the context of MHC class II
molecule by antigen presenting cells , particularly
dendritic cells maturation and complete activation
of dendritic cells in the expression of costimulatory
molecules, including CD80 and CD86 secretion of
IL-12 from dendritic cells. The first condition derives
from the phagocytosedendocytosed antigen, and the
second and third conditions are provided by CpG
ODNs. Thus, the incorporation of the conjugate by
antigen-presenting cells (APCs) appears to simultane-
ously fulfill the three conditions listed above. How-
ever, this was not the end of the story．
CpG ODNs in the conjugated form had unexpected
advantages in facilitating antigen uptake by APCs. Im-
mature DCs are considered to be well equipped with
devices for antigen capture,50 although the actual an-
tigen capture is primarily mediated by fluid-phase en-
docytosis.51 DCs randomly take up antigens that hap-
pen to be in the adjacent neighborhood. In the conju-
gated form of the CpG ODNs and antigen, however,
CpG ODNs work like “glue” to facilitate the adhesion
of the conjugate to the cell surfaces of APCs ; CpG
ODNs bind to cell surface receptors for DNA, which
is followed by an increase in antigen uptake by
APCs.52 A quantitative study revealed that antigen
uptake mediated by DNA receptor-mediated endocy-
tosis was 100 times more efficient than that through
fluid-phase endocytosis . Thus , CpG ODNs conju-
gated to antigen exhibit joint properties as promoters
of antigen uptake and DC activators, thereby potenti-
ating the ability of DCs to generate Th1 cells (Fig. 4).
The colonization of CpG ODNs with TLR9 in the
mature and acidified endosomes is an initial and es-
sential step that triggers intracellular signals.16-18,53,54
CpG ODNs, acting as glue, first bind to cell surface
receptors for DNA, but not to TLR9, because TLR9 is
not expressed on the cell surface . Actually , CpG
ODN-conjugated antigens were incorporated into
APCs prepared from TLR9 KO mice to the same ex-
tent as those from wild mice (Fig. 5). The CpG ODN-
conjugated antigen, however , failed to induce Th1
cells due to the lack of the costimulatory molecule ex-
pression and the IL-12 secretion in APCs prepared
from TLR9 KO mice.55
Exogenously administered CpG ODNs first bind to
the cell surface receptors specific for DNA, and enter
cells through receptor-mediated endocytosis55 before
colonization with TLR9 in the endosomallysosomal
compartment . 56 When antigen is conjugated to
ODNs, regardless of the presence or absence of CpG
motifs in the ODN sequences, ODNs bind to DNA re-
ceptors on the cell surfaces to a comparable ex-
tent.55,57 After receptor-mediated endocytosis, ODNs
with CpG motifs colocalize with TLR9 and trigger sig-
nals, whereas those without CpG motifs fail to do so
(Fig. 4). These differences ultimately lead to the pref-
erential induction of Th1 or Th2 cells by ODNs with
or without CpG motifs, respectively.55
FUTURE PROSPECTS
Human clinical trials for ragweed allergic rhinitis us-
ing CpG ODNs conjugated to the principal allergenic
moiety of ragweed (Amb a 1) are currently in pro-
gress in the United States. Six injections of the conju-
gates over 6 weeks were reported to improve symp-
toms without any adverse effects . 58,59 These and
other studies show great promise for future break-
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throughs in immunotherapy on the horizon.
ACKNOWLEDGEMENTS
This work was supported in part by grant-in-aid for
Scientific Research from The Ministry of Education,
Science, Sports and Culture, Japan (to K.S). We ac-
knowledge Mr. Brent K. Bell for editing the English
manuscript．
REFERENCES
1. Tada T. Help, Suppression, and Specific factors. In : Paul
W E (ed.) . Fundamental Immunology. New York:Raven
Press, 1984.
2. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Im-
munologic self-tolerance maintained by activated T cells
expressing IL-2 receptor α-chains (CD25). Breakdown of
a single mechanism of self-tolerance causes various auto-
immune diseases. J. Immunol. 1995;155:1151-1164.
3. Groux H, O’Garra A, Bigler M et al. A CD4+ T-cell subset
inhibits antigen-specific T-cell responses and prevents co-
litis. Nature 1997;389:737-742.
4. Asseman C, Mauze S, Leach MW, Coffman RL, Powrie F.
An essential role for interleukin 10 in the function of regu-
latory T cells that inhibit intestinal inflammation. J. Exp.
Med. 1999;190:995-1004.
5. Sakaguchi S. Regulatory T cells : key controllers of im-
munologic self-tolerance. Cell 2000;101:455-458.
6. Chen Y, Kuchroo VK, Inobe J, Hafler DA, Weiner HL.
Regulatory T cell clones induced by oral tolerance : sup-
pression of autoimmune encephalomyelitis. Science 1994;
265:1237-1240.
7. Chen W, Jin W, Wahl SM. Engagement of cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4) induces trans-
forming growth factor β (TGF-β) production by murine
CD4+ T cells. J. Exp. Med. 1998;188:1849-1857.
8. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA,
Coffman RL. Two types of murine helper T cell clone. I.
Definition according to profiles of lymphokine activities
and secreted proteins. J. Immunol. 1986;136:2348-2357.
9. Mosmann TR, Coffman RL. Two types of mouse helper T-
cell clone : Implications for immune regulation. Immunol.
Today 1987;8:223-227.
10. Mosmann TR, Schumacher JH, Street NF et al. Diversity
of cytokine synthesis and function of mouse CD4+ T cells.
Immunol. Rev. 1991;123:209-229.
11. Tokunaga T, Yamamoto H, Shimada S et al. Antitumor
activity of deoxyribonucleic acid fraction from Mycobacte-
rium bovis BCG. I. Isolation, physicochemical characteri-
zation , and antitumor activity. J. Natl. Cancer Inst. 1984;
72:955-962.
12. Yamamoto S, Kuramoto E, Shimada S, Tokunaga T. In vi-
tro augmentation of natural killer cell activity and produc-
tion of interferon-αβ and -γ with deoxyribonucleic acid
fraction from Mycobacterium bovis BCG. Jpn. J. Cancer
Res. 1988;79:866-873.
13. Yamamoto S, Yamamoto T, Shimada S et al. DNA from
bacteria, but not from vertebrates, induces interferons, ac-
tivates natural killer cells and inhibits tumor growth. Mi-
crobiol. Immunol. 1992;36:983-997.
14. Yamamoto S, Yamamoto T, Kataoka T, Kuramoto E, Yano
O, Tokunaga T. Unique palindromic sequences in syn-
thetic oligonucleotides are required to induce IFN and au-
gment IFN-mediated natural killer activity. J. Immunol.
1992;148:4072-4076.
15. Janeway CA Jr . How the immune system works to pro-
tect the host from infection : a personal view. Proc. Natl.
Acad. Sci. USA 2001;98:7461-7468.
16. Hemmi H, Takeuchi O, Kawai T et al. A Toll-like receptor
recognizes bacterial DNA. Nature 2000;408:740-745.
17. Bauer S, Kirschning CJ, Hacker H et al. Human TLR 9
confers responsiveness to bacterial DNA via species-
specific CpG motif recognition. Proc. Natl. Acad. Sci. USA
2001;98:9237-9242.
18. Takeshita FC, Leifer A, Gursel I et al. Cutting edge :
Role of Toll-like receptor 9 in CpG DNA-induced activa-
tion of human cells. J. Immunol. 2001;167:3555-3558.
19. Krieg AM, Yi AK, Matson S et al. CpG motifs in bacterial
DNA trigger direct B-cell activation. Nature 1995;374:546
-549.
20. Roman M, Martin-Orozco E, Goodman JS et al. Immu-
nostimulatory DNA sequences function as T helper-1-
promoting adjuvants. Nat. Med. 1997;3:849-854.
21. Broide D, Schwarze J, Tighe H et al. Immunostimulatory
DNA sequences inhibit IL-5, eosinophilic inflammation,
and airway hyperresponsiveness in mice. J. Immunol.
1998;161:7054-7062.
22. Kline JN, Waldschmidt TJ, Businga TR et al. Modulation
of airway inflammation by CpG oligodeoxynucleotides in
a murine model of asthma. J. Immunol. 1998;160:2555-
2559.
23. Klinman DM, Yi AK, Beaucage SL, Conover J, Krieg AM.
CpG motifs present in bacteria DNA rapidly induce lym-
phocytes to secrete IL-6, IL-12, and IFN-γ. Proc. Natl.
Acad. Sci. USA 1996;93:2879-2883.
24. Ballas ZK, Rasmussen WL, Krieg AM. Induction of NK
activity in murine and human cells by CpG motifs in oli-
godeoxynucleotides and bacterial DNA. J. Immunol. 1996;
157:1840-1845.
25. Sparwasser T, Koch ES, Vabulas RM et al. Bacterial DNA
and immunostimulatory CpG oligonucleotides trigger
maturation and activation of murine dendritic cells. Eur. J.
Immunol. 1998;28:2045-2054.
26. Jakob T, Walker PS, Krieg AM, Udey MC, Vogel JC. Acti-
vation of cutaneous dendritic cells by CpG-containing oli-
godeoxynucleotides : a role for dendritic cells in the aug-
mentation of Th1 responses by immunostimulatory DNA.
J. Immunol. 1998;161:3042-3049.
27. Jain VV, Kitagaki K, Businga T et al. CpG-oligodeoxynu-
cleotides inhibit airway remodeling in a murine model of
chronic asthma. J. Allergy Clin. Immunol. 2002;110:867-
872.
28. Cowdery JS, Chace JH, Yi AK, Krieg AM. Bacterial DNA
induces NK cells to produce IFN-γ in vivo and increases
the toxicity of lipopolysaccharides. J. Immunol. 1996;156:
4570-4575.
29. Sparwasser T, Miethke T, Lipford G et al. Bacterial DNA
causes septic shock. Nature 1997;386:336-337.
30. Sparwasser T, Miethke T, Lipford G. Macrophages sense
pathogens via DNA motifs : induction of TNF-α-mediated
shock. Eur. J. Immunol. 1997;27:1671-1679.
31. Liblau RS, Singer SM, McDevitt HO. Th1 and Th2 CD4+ T
cells in the pathogenesis of organ-specific autoimmune
diseases. Immunol. Today 1995;16:34-38.
32. Krieg AM. CpG DNA : a pathogenic factor in systemic lu-
22 Allergology International Vol 54, No1, 2005 www.js-allergol.gr.jp
Sano K et al.
pus erythematosus? J. Clin. Immunol. 1995;15:284-292.
33. Gilkeson GS, Ruiz P, Pippen AM, Alexander AL, Lefkow-
ith JB, Pisetsky DS. Modulation of renal disease in auto-
immune NZBNZW mice by immunization with bacte-
rial DNA. J. Exp. Med. 1996;183:1389-1397.
34. Shao H, Lei S, Sun SL, Xiang J, Kaplan HJ, Sun D. CpG-
containing oligodeoxynucleotide 1826 converts the weak
uveitogenic rat interphotoreceptor retinoid-binding pro-
tein peptide 1181−1191 into a strong uveitogen. J. Immu-
nol. 2003;171:4780-4785.
35. Viglianti GA, Lau CM, Hanley TM, Miko BA, Shlomchik
MJ, Marshak-Rothstein A. Activation of autoreactive B
cells by CpG dsDNA. Immunity 2003;19:837-847.
36. Ikeda RK, Nayar J, Cho JY et al. Resolution of airway in-
flammation following ovalbumin inhalation : comparison
of ISS DNA and corticosteroids. Am. J. Respir. Cell Mol.
Biol. 2003;28:655-663.
37. Sur S, Wild JS, Choudhury BK, Sur N, Alam R, Klinman
DM. Long term prevention of allergic lung inflammation
in a mouse model of asthma by CpG oligodeoxynucleo-
tides. J. Immunol. 1999;162:6284-6293.
38. Shirota H, Sano K, Kikuchi T, Tamura G, Shirato K. Regu-
lation of T-helper cell type 2 and airway eosinophilia by
transmucosal coadministration of antigen and oligode-
oxynucleotides containing CpG motifs. Am. J. Respir. Cell
Mol. Biol. 2000;22:176-182.
39. Kline JN, Kitagaki K, Businga TR, Jain VV. Treatment of
established asthma in a murine model using CpG oligode-
oxynucleotides. Am. J. Physiol . Lung Cell Mol. Physiol .
2002;283:L170-179.
40. Jain VV, Businga TR, Kitagaki K, George CL, O’Shaugh-
nessy PT, Kline JN. Mucosal immunotherapy with CpG
oligodeoxynucleotides reverses a murine model of
chronic asthma induced by repeated antigen exposure.
Am. J. Physiol. Lung Cell Mol. Physiol. 2003;285:L1137-
1146.
41. Shirota H, Sano K, Kikuchi T, Tamura G, Shirato K. Regu-
lation of murine airway eosinophilia and Th2 cells by
antigen-conjugated CpG oligodeoxynucleotides as a novel
antigen-specific immunomodulator. J. Immunol. 2000;
164:5575-5582.
42. Santeliz JV, Van Nest G, Traquina P, Larsen E, Wills-Karp
M. Amb a 1-linked CpG oligodeoxynucleotides reverse
established airway hyperresponsiveness in a murine
model of asthma. J. Allergy Clin. Immunol. 2002;109:455-
462.
43. Marshall JD, Abtahi S, Eiden JJ et al. Immunostimulatory
sequence DNA linked to the Amb a 1 allergen promotes
Th1 cytokine expression while downregulating Th2 cy-
tokine expression in PBMCs from human patients with
ragweed allergy. J. Allergy Clin. Immunol. 2001;108:191-
197.
44. Tighe H, Takabayashi K, Schwartz D et al. Conjugation
of immunostimulatory DNA to the short ragweed allergen
Amb a 1 enhances its immunogenicity and reduces its al-
lergenicity. J. Allergy Clin. Immunol. 2000;106:124-134.
45. Horner AA, Takabayashi K, Beck L et al. Optimized con-
jugation ratios lead to allergen immunostimulatory oli-
godeoxynucleotide conjugates with retained immuno-
genicity and minimal anaphylactogenicity. J. Allergy Clin.
Immunol. 2002;110:413-420.
46. Liu N, Ohnishi N, Ni L, Akira S, Bacon KB. CpG directly
induces T-bet expression and inhibits IgG 1 and IgE
switching in B cells. Nat. Immunol. 2003;4:687-693.
47. Horner AA, Raz E. Immunostimulatory sequence oligod-
eoxynucleotide-based vaccination and immunomodula-
tion : two unique but complementary strategies for the
treatment of allergic diseases. J. Allergy Clin. Immunol.
2002;110:706-712.
48. Broide DH, Stachnick G, Castaneda D et al. Systemic
administration of immunostimulatory DNA sequences
mediates reversible inhibition of Th 2 responses in a
mouse model of asthma. J. Clin. Immunol. 2001;21:175-
182.
49. Cho HJ, Takabayashi K, Cheng PM et al. Immunostimu-
latory DNA-based vaccines induce cytotoxic lymphocyte
activity by a T-helper cell-independent mechanism. Nat.
Biotechnol. 2000;18:509-514.
50. Banchereau J, Steinman RM. Dendritic cells and the con-
trol of immunity. Nature 1998;392:245-252.
51. Sallusto F, Cella M, Danieli C, Lanzavecchia A. Dendritic
cells use macropinocytosis and the mannose receptor to
concentrate macromolecules in the major histocompati-
bility complex class II compartment : downregulation by
cytokines and bacterial products. J. Exp. Med. 1995;182:
389-400.
52. Shirota H, Sano K, Hirasawa N et al. Novel roles of CpG
oligodeoxynucleotides as a leader for the sampling and
presentation of CpG-tagged antigen by dendritic cells. J.
Immunol. 2001;167:66-74.
53. Yi AK, Tuetken R, Redford T, Waldschmidt M, Kirsch J,
Krieg AM. CpG motifs in bacterial DNA activate leuko-
cytes through the pH-dependent generation of reactive
oxygen species. J. Immunol. 1998;160:4755-4761.
54. Gursel I, Gursel M, Yamada H, Ishii KJ, Takeshita F, Klin-
man DM. Repetitive elements in mammalian telomeres
suppress bacterial DNA-induced immune activation. J. Im-
munol. 2003;171:1393-1400.
55. Sano K, Shirota H, Terui T, Hattori T, Tamura G. Oligode-
oxynucleotides without CpG motifs work as adjuvant for
the induction of Th 2 differentiation in a sequence-
independent manner. J. Immunol. 2003;170:2367-2373.
56. Ahmad-Nejad P, Hacker H, Rutz M, Bauer S, Vabulas
RM, Wagner H. Bacterial CpG-DNA and lipopolysaccha-
rides activate Toll-like receptors at distinct cellular com-
partments. Eur. J. Immunol. 2002;32:1958-1968.
57. Liang H, Reich CF, Pisetsky DS. Lipsky PE. The role of
cell surface receptors in the activation of human B cells
by phosphorothioate oligonucleotides. J. Immunol. 2000;
165:1438-1445.
58. Creticos PS, Eiden JJ, Broide D et al. Immunotherapy
with immunostimulatory oligonucleotides linked to puri-
fied ragweed Amb a 1 allergen : Effects on antibody pro-
duction , nasal allergen provocation , and ragweed sea-
sonal rhinitis. J. Allergy Clin. Immunol. 2002;109:742.
59. Tulic MK, Fiset PO, Christodoulopoulos P et al. Amb a 1-
immunostimulatory oligodeoxynucleotide conjugate im-
munotherapy decreases the nasal inflammatory response.
J. Allergy Clin. Immunol. 2004;113:235-241.
Allergology International Vol 54, No1, 2005 www.js-allergol.gr.jp 23
DNA Vaccines for Allergic Diseases
